Abstract. Jatrorrhizine hydrochloride (JH) is an active component of the traditional Chinese herb Coptis chinensis, which has been used to prevent and treat metabolic disorders. Hyperlipidemia is one of the principal factors underlying numerous metabolic diseases, including diabetes and obesity. Therefore, the aim of the present study was to investigate the lipid lowering effects of JH treatment in vivo in an obesity mouse model. JH-treated hyperlipidemic mice exhibited a reduction in body weight, as well as improved glucose tolerance and insulin sensitivity. In addition, JH-treated hyperlipidemic mice exhibited reduced serum triglyceride, total cholesterol and low-density lipoprotein cholesterol levels, as well as increased high-density lipoprotein cholesterol levels compared with untreated mice fed a high-fat diet. Notably, JH treatment ameliorated the pathophysiological changes observed in the livers of hyperlipidemic mice. At the molecular level, JH downregulated the hepatic mRNA expression levels of SREBP-1c and FAS, and induced PPAR-α and CPT1A mRNA expression in hyperlipidemic mice. These findings suggest that JH ameliorates hyperlipidemia via the suppression of lipogenesis and the enhancement of lipid oxidation in the liver.
Introduction
Hyperlipidemia comprises a heterogeneous group of disorders, characterized by increased levels of one or more lipids and/or lipoproteins in the circulation, including increased levels of atherogenic free fatty acids, triglycerides (TG; known as hypertriglyceridemia), low-density lipoprotein cholesterol (LDL-C; known as hypercholesterolemia) and apolipoprotein B; in addition, decreased levels of antiatherogenic high-density lipoprotein cholesterol (HDL-C) are observed (1, 2) . The increased prevalence of hyperlipidemia is a public and economic problem worldwide. Hyperlipidemia can arise from the adoption of unhealthy lifestyle choices, such as consuming an excess of high-fat food (3) and alcohol (4), or as a result of specific diseases, including diabetes (5), hypothyroidism (6) , erythematosus (7) and chronic renal diseases (8) . Hyperlipidemia is a risk factor for cardiovascular disease (CVD), which is the most common cause of mortality worldwide (9) . In addition to CVD, hyperlipidemia is closely associated with diabetes, insulin resistance and obesity (10, 11) . Considering the serious outcomes of this disease, strategies for the prevention and treatment of hyperlipidemia are urgently required and may have a significant clinical value.
Pharmacotherapy is the current primary method for the treatment of hyperlipidemia. Specific agents, including statins (12) , fibrates (13) , nicotinic acids (14) and bile acid sequestrants (15) , have been demonstrated to possess reliable lipid lowering effects and thus dominate the main drug market. However, certain patients are intolerant to these drugs due to their adverse effects, which include liver and kidney toxicity (16) , rhabdomyolysis (17) and hyperglycemia (18) . This has led to concerns regarding the safety of these drugs for clinical use. Therefore, the search for alternative therapies has gained significant attention in recent years. Traditional Chinese medicine (TCM) products are frequently considered to be less toxic than synthetic agents, and may be a preferred option for the treatment of hyperlipidemia (19) . Over the last few decades, hundreds of TCM compounds (20) , extracts (21), single herbs (22) or formulae (23) have been reported to be effective in the prevention and treatment of hyperlipidemia, particularly in cases caused by high-fat diet (HFD).
One particular TCM herb, Coptis chinensis (C. chinensis), obtained from the dry rootstocks of C. chinensis Franch. or Coptis teeta Wall., has been used to treat gastrointestinal disorders and diarrhea for ~30 years worldwide (24) . Jatrorrhizine hydrochloride (JH) is an active component of the C. chinensis herb and has been demonstrated to have anti-inflammatory (25), antimicrobial (26) and leukemia-prevention activities (27) . Notably, a recent study revealed that JH stimulated insulin secretion and decreased fasting blood glucose levels in rats, indicating that this compound may have beneficial effects on energy metabolism (28) . Although the protective effects of JH against hypercholesterolemia and diabetes have been reported by independent studies (29, 30) , to the best of our knowledge, no comprehensive investigation has been conducted to examine its versatile functions in the regulation of glucose and lipid metabolism. In the present study, an HFD-induced hyperlipidemic mouse model was employed to evaluate the effects of JH in vivo. JH was observed to prevent the development of hyperlipidemia in these mice, possibly via the suppression of fatty acid synthesis and by increasing the β-oxidation of lipids in the liver.
Materials and methods

Animals.
Animal procedures employed in the present study conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23; revised 1996) and the approved regulations established by the Laboratory Animal Care Committee at the Huai'an First People's Hospital Affiliated to Nanjing Medical University (Huai'an, China; permit no. SYXK2016-0016, issued April 6, 2016) . A total of 28 7-week-old male C57BL/6 mice, weighing 18-22 g, were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China) and maintained under a 12-h light/dark cycle, in a temperature and humidity-controlled environment. Mice were acclimated to lab conditions for 1 week and then divided into four groups (n=7 mice per group), including the normal diet (ND), the hyperlipidemia model (HFD), HFD and low-dose JH (HFD+JH-L), and HFD and high-dose JH (HFD+JH-H) groups. In order to induce hyperlipidemia in the mice, a HFD (60% fat content; Research Diets, Inc., New Brunswick, NJ, USA) was given to the HFD, HFD+JH-L and HFD+JH-H group mice, as described previously (3); by contrast, ND control group mice were fed a normal rodent chow diet. Mice in the JH-L and JH-H treatment groups received daily intragastric injections of 20 and 100 mg/kg body weight JH, respectively, while mice in the control and hyperlipidemic groups received an equivalent volume of 0.9% saline solution using the same procedure. The doses of JH administered to mice were selected based on a previous study demonstrating that 100 mg/kg JH decreases blood glucose levels in diabetic mice (28) . Mouse body weights were measured every 3 days. Treatment was administered over the course of 8 weeks. Upon completion of treatment, mice were fasted for 6 h and sacrificed by cervical dislocation for the collection of blood and liver samples. JH (purity, >98%; Fig. 1 ) extracted from the tuberous roots of Tinospora sagittata (Oliv.) Gagnep. was purchased from Nanjing Zelang Medical Technology Co., Ltd. (Nanjing, China).
Glucose and insulin tolerance tests. In order to conduct a glucose tolerance test, mice were fasted for 16 h and then injected intraperitoneally with 1 g/kg body weight glucose. To conduct an insulin tolerance test, mice were fasted for 6 h and then injected intraperitoneally with 0.75 U/kg body weight insulin. Blood glucose levels were measured prior to injection and at 0, 15, 30, 60 and 90 min after injection with glucose or insulin using a glucose monitor (Roche Diagnostics, Basel, Switzerland) after injection.
Serological analysis. Blood samples were collected in non-heparinized tubes and centrifuged at 1,000 x g for 10 min at 4˚C. Kits purchased from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China) were used to determine the levels of serum TG (GPO-PAP assay; catalog no. A110-1), total cholesterol (TC; GPO-PAP assay; catalog no. A111-1), LDL-C (catalog no. A113-1), HDL-C (catalog no. A112-1), aspartate transaminase (AST; catalog no. C010-2) and alanine aminotransferase (ALT; catalog no. C009-2), by spectrophotometric analysis.
Liver histology. Mouse livers were isolated, fixed in a 4% paraformaldehyde solution for 24 h in situ, paraffin embedded and cut into 4-µm transverse sections for routine hematoxylin-eosin (H&E) staining.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from mouse livers using the TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Total RNA (1 µg) was then reverse-transcribed into cDNA using PrimeScript™ RT Master Mix (Takara Bio, Inc., Otsu, Japan) under the following conditions: 37˚C for 15 min and then 85˚C for 5 sec. Target gene mRNA levels were determined by qPCR analysis using the SYBR premix Ex Taq (Takara Bio, Inc.) and the LightCycler Nano system (Roche Diagnostics). The primer sequences were as follows: 36B4, sense, 5'-GAA ACT GCT GCC TCA CAT CCG-3' , and antisense, 5'-GCT GGC ACA GTG ACC TCA CACG-3'; sterol regulatory element binding transcription factor 1c (SREBP-1c) sense, 5'-GAT CAA AGA GGA GCC AGT GC-3', and antisense, 5'-TAG ATG GTG GCT GCT GAG TG-3'; fatty acid synthase (FAS) sense, 5'-TCC TGG AAC GAG AAC ACG ATCT-3', and antisense, 5'-GAG ACG TGT CAC TCC TGG ACT TG-3'; peroxisome proliferator activated receptor-α (PPARα) sense, 5'-ACG ATG CTG TCC TCC TTG ATG-3', and antisense, 5'-ACG ATG CTG TCC TCC TTG ATG-3'; and carnitine palmitoyltransferase 1A (CPT1A) sense, 5'-CTC AGT GGG AGC GAC TCT TCA-3' , and antisense, 5'-GGC CTC TGT GGT ACA CGA CAA-3'. The qPCR reaction mixture (10 µl) consisted of 0.3 µl forward primer (10 µM), 0.3 µl reverse primer (10 µM), 5 µl SYBR Premix Ex Taq (2X), 2 µl cDNA template and 2.4 µl double-distilled H 2 O. Thermal cycling parameters were as follows: 95˚C for 10 sec, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 20 sec. The 36B4 gene was used as an internal control. In detail, a quatification cycle (Cq value) was obtained for each amplification curve, and a ΔCq value was first calculated by subtracting the Cq value for 36B4 from the Cq value for each sample. Fold-changes compared with the endogenous control were then determined by calculating 2 -ΔΔCq (31 Statistical analysis. Data were analyzed using one-way analysis of variance followed by Fisher's least significant difference post-hoc test. Calculations were performed using the Origin8 software (version 8.6; OriginLab, Northampton, MA, USA). Data are presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
Effect of JH on body weight and insulin resistance in HFD-fed mice. As expected, mice consuming an HFD gained substantially more body weight when compared with ND control mice over the course of 8 weeks ( Fig. 2A ). After 8 weeks of feeding, mice in the HFD group developed severe obesity, as observed by the increase in body weight (P<0.001, HFD vs. ND group; Fig. 2A and B) . By contrast, HFD-fed mice treated with JH exhibited a dose-dependent reduction in body weight when compared with untreated HFD-fed mice. Mice in the JH-H group exhibited a 27% decrease in body weight relative to the HFD group after 8 weeks (P<0.001, HFD+JH-H vs. HFD group). The food intake was reduced in HFD-fed mice compared with ND mice; however, no significant difference in food intake was observed among the HFD-fed groups (P<0.001, HFD vs. ND group; Fig. 2C ). Insulin is an important hormone for maintaining blood glucose levels and mediating lipid homeostasis (32) . Therefore, serum insulin concentrations in each group were measured. As shown in Fig. 2D Fig. 2D ). Glucose intolerance and insulin resistance are common syndromes observed in obese individuals (33); since JH treatment was found to decrease the body weight of obese mice, the effects of JH treatment on these syndromes was investigated. As shown in Fig. 2E and F, the HFD-fed mice exhibited significantly impaired sensitivities to glucose and insulin compared with the ND-fed mice. Notably, the HFD+JH-H group demonstrated a significantly improved glucose tolerance and insulin sensitivity.
Effect of JH treatment on the serum lipid profile of HFD-fed mice.
To determine the hypolipidemic effect of JH on HFD-fed mice, the serum levels of TG, TC, LDL-C and HDL-C were measured. As shown in Fig. 3A and B, HFD-fed mice exhibited a significant increase in serum TG and TC levels when compared with the ND group (1.9 and 1.7-fold increase, P<0.001, HFD vs. ND group). However, JH treatment significantly reduced the serum TG levels in a dose-dependent manner when compared with the untreated HFD-fed mice, and TG levels in the HFD+JH-H group were comparable to the baseline NC group levels (P<0.001, HFD+JH-L vs. HFD group; P<0.001, HFD+JH-H vs. HFD group; Fig. 3A) . Similarly, high-dose JH treatment of HFD-fed mice was associated with a significant reduction in serum TC levels compared with the untreated HFD-fed mice (P<0.001, HFD+JH-H vs. HFD group). However, serum TC levels were reduced to a lesser extent in the HFD+JH-H group (16% reduction in the HFD+JH-H vs. HFD group) than the serum TG levels. Furthermore, maintaining a cholesterol balance between potentially harmful LDL-C and beneficial HDL-C is essential for body health (34) . As shown in Fig. 3C , JH treatment significantly reduced the HFD-induced upregulation of serum LDL-C levels. By contrast, serum HDL-C levels were significantly elevated following JH treatment when compared with the untreated HFD-fed mice, with a significant effect observed in the HFD+JH-H group (Fig. 3D ). These findings suggest that JH may ameliorate HFD-induced hyperlipidemia and modify the LDL-C/HDL-C balance by decreasing the ratio between LDL-C and HDL-C.
Effect of JH treatment on hepatic steatosis in HFD-fed mice.
As shown in Fig. 4A , morphological changes of the liver, such as enlargement and a yellow color, were observed in the HFD group compared with the ND group. Consistent with these observations, the liver-to-body weight ratio was significantly increased in the HFD group compared with the ND group due to lipid accumulation in the liver (P=0.001, HFD vs. ND group; Fig. 4B ). By contrast, treatment with JH was shown to reverse these pathological changes and significantly reduce the liver-to-body weight ratio compared with that in untreated HFD-fed mice. Furthermore, H&E staining was performed to further investigate the effect of JH treatment on HFD-induced lipid accumulation in the liver. As demonstrated in Fig. 4C , lipid droplets were observed in the livers of HFD-fed mice, which was accompanied by the swelling of hepatocytes. However, these pathological alterations were attenuated following treatment with JH. In order to evaluate liver function in all treatment groups, the serum levels of AST and ALT were also determined. As shown in Fig. 4D and E, AST and ALT levels in HFD-fed mice were significantly increased when compared with those in ND-fed mice, which suggests that the liver function was impaired (P<0.001, HFD vs. ND group). However, treatment with JH resulted in a significant decrease in serum AST and ALT levels when compared to the HFD group (P<0.001, HFD+JH-H vs. HFD group; Fig. 4D and E) . Therefore, these data preliminarily suggest that JH may counteract the development of obesity and hepatic steatosis.
Effect of JH treatment on the hepatic mRNA levels of lipid-associated genes in HFD-fed mice. Accelerated lipogenesis and decreased fatty acid β-oxidation occur in the liver during the development of hyperlipidemia (35) . To elucidate the molecular mechanisms underlying the hypolipidemic effect of JH, RT-qPCR analysis was employed to quantify the expression levels of hepatic genes involved in the regulation of lipid homeostasis. As shown in Fig. 5A and B, the expression levels of SREBP-1C and FAS, which are lipogenesis-associated genes that promote the synthesis of de novo monounsaturated fatty acids, were significantly increased in the HFD group compared with the ND group (P<0.001, SREBP-1C; P=0.026, FAS). By contrast, the HFD-induced increase in SREBP-1c and FAS expression levels was inhibited by JH treatment, with a significant effect observed in the HFD+JH-H group (P=0.005, SREBP-1C; P=0.008, FAS; HFD+JH-H vs. HFD group). In addition, the hepatic mRNA expression levels of PPAR-α and CPT1A, which are involved in mediating fatty acid β-oxidation, were significantly decreased in the HFD group compared with the ND group (Fig. 5C and D) . However, JH supplementation was associated with a significant increase in PPAR-α and CPT1A mRNA expression levels when compared with the untreated HFD group. Consistent with the mRNA expression levels, the protein expression levels of FAS and PPAR-α were significantly reduced and increased, respectively, following the administration of JH in HFD-fed mice (Fig. 5E) . These results suggest that JH may improve HFD-induced hyperlipidemia, in part, through the inhibition of fatty acid synthesis and the activation of fatty acid β-oxidation in the liver.
Discussion
The versatile pharmacological activities of JH have attracted considerable attention in recent years. This compound is a tetrahydroisoquinoline alkaloid and has a similar chemical structure to berberine (36) . The reported beneficial effects of JH include bacteriostasis (37), tumor cell growth suppression (38) , reversal of multidrug resistance (39) and the lowering of blood glucose levels (28) . Nevertheless, to the best of our knowledge, no study has investigated the effect of JH on hyperlipidemic animals or humans. The results of the present study suggest that JH may prevent metabolic disorders by ameliorating hyperlipidemia and insulin resistance in HFD-fed obese mice. These beneficial effects may occur via the suppression of lipogenesis and the promotion of fatty acid β-oxidation.
In the present study, JH inhibited the gain in body weight that was observed in HFD-fed mice in a dose-dependent manner. This effect was not associated with food intake, as no notable differences in diet consumption were observed among the HFD-fed groups, suggesting that JH treatment may not affect appetite. Obesity is known to be the most common cause of hepatic steatosis, which is characterized by the pathological accumulation of fat in the liver, and leads to liver damage in the form of inflammation and fibrosis (40) . In the current study, hepatic steatosis was observed in HFD-fed mice, which was evidenced by alterations in liver morphology (enlargement and a yellow color) and histology (increased lipid droplet accumulation). Notably, these pathological changes were reversed by JH treatment. In addition, serum AST and ALT levels, a hallmark of liver injury (41), were significantly downregulated by JH treatment in HFD-fed mice. Therefore, JH may be useful for the treatment of fatty liver disease caused by hyperlipidemia. In addition, the severe glucose intolerance, insulin resistance and hyperinsulinemia observed in HFD-fed mice was significantly attenuated by JH treatment. Taken together with its hypoglycemic effects, JH may be a potential therapeutic agent for the prevention of diabetes. However, it should be noted that the present study was designed for investigating JH as a preventative agent for metabolic disorders. JH was administered to mice when hyperlipidemia had not been fully induced. Future studies should assess the protective roles of JH in a therapeutic setting, with an extension of treatment time.
Lipid homeostasis is dependent on the balance between lipogenesis (storage) and fatty acid β-oxidation (consumption). A previous study demonstrated that the SREBP-1c and PPARα transcription factors and the expression of their respective target genes, FAS and CPT1A, serve crucial roles in the development of hyperlipidemia (42) . SREBP-1c modulates the expression of a large number of genes involved in the uptake of lipoproteins, and the synthesis of cholesterol, TG and very-low-density lipoprotein cholesterol in the liver (43) . In addition, PPARα regulates the expression of genes involved in mitochondrial and liver fatty acid β-oxidation (44, 45) . In the present study, HFD increased the hepatic mRNA expression levels of SREBP1c and FAS, but decreased the levels of hepatic PPAR-α and CPT1A. Notably, treatment of HFD-fed mice with JH reversed these effects. These data suggest that reducing the expression levels of genes that inhibit lipogenesis (namely SREBP-1c and FAS) and upregulating the expression levels of genes involved in promoting lipid metabolism (namely PPARα and CPT1A) may underlie the beneficial effects of JH on HFD-induced hyperlipidemia and liver damage in mice.
FAS and CPT1A are important enzymes involved in hepatic lipogenesis and fatty acid β-oxidation. FAS catalyzes the final step of the fatty acid biosynthesis process, while CPT1A facilitates the transfer of long-chain fatty acids across the mitochondrial membrane during β-oxidation (46) . In the present study, the mRNA expression levels of genes encoding these enzymes were analyzed. JH treatment of HFD-fed mice suppressed FAS and promoted CPT1A mRNA expression levels. It should be noted that these results provide a preliminary insight into the mechanisms through which JH exerts its pharmacological functions. Future studies should conduct additional experiments in order to elucidate the beneficial functions of JH in the prevention and/or treatment of metabolic disorders. For instance, the protein expression and enzymatic activity levels of these enzymes should be determined. In addition, gain and loss-of-function strategies could be employed to artificially manipulate FAS and CPT1A expression, in order to determine whether these enzymes mediate the effects of JH on hyperlipidemia.
In conclusion, the results of the present study suggest that JH may serve a role in ameliorating metabolic disorders in HFD-fed obese mice. The underlying mechanisms of the hypolipidemic effect of JH may involve the suppression of lipogenesis and the promotion of fatty acid β-oxidation. These results provide novel insights into the role of JH in regulating liver energy metabolism, and suggest that treatment with JH may present an effective and safe strategy for the prevention of hyperlipidemia and other metabolic disorders. Further investigation is required to elucidate the mechanisms by which this compound protects against metabolic disorders and to determine whether additional mechanisms are involved.
